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PROINFLAMMATORY AND ANTI-INFLAMMATORY cytokines are secreted by a variety of cells in an immune response. Cytokines regulate a broad range of biological processes related to innate and adaptive immunity (1, 24) . However, cytokines have also been shown to play significant roles in the regulation of food intake and energy homeostasis in the absence of infection or tissue injury (13, 33, 86 ). There appears to be reciprocal regulation and complex interplay between the immune and endocrine systems. In the context of metabolism, malnutrition has long been known to result in immune deficiency (19, 48, 52) . In contrast, in the obese state, local and systemic production of proinflammatory cytokines is altered (80, 81) , and elevated IL-1␤, IL-6, and TNF-␣ levels impair systemic insulin sensitivity (38, 78) . Indeed, low-grade inflammation contributes to and underlies obesity-related dysregulation in glucose and lipid metabolism. Paradoxically, obese individuals have a greater chance of survival when confronted with the immune challenge of severe, life-threatening, sepsis (43) ; however, in general, obesity tends to adversely affect the immune system in humans (39, 57, 58, 82) and in rodent models (21, 39, 40, 45, 74) .
Although typically secreted by lymphocytes and macrophages, the secretion of cytokines by microglial cells suggests that these factors may act through central pathways in the brain to influence metabolic processes in the peripheral tissues (32, 60, 75) . Thus far, a role for modulating food intake via the central nervous system (CNS) has been demonstrated for several cytokines, including IL-1␤ (49) , , TNF-␣ (26), IL-18 (86) , and granulocyte macrophage colony-stimulating factor (GM-CSF) (66) . Despite their size and hydrophilicity, cytokines and other polypeptide hormones have been demonstrated to cross the blood-brain barrier (4 -9, 11, 84) . Further, the arcuate nucleus, which plays an important role in food intake regulation (71) , is located in the mediobasal portion of the hypothalamus where the blood-brain barrier is thought to be semipermeable (44, 63) , thus enabling circulating hormones and cytokines to gain access to neurons within the arcuate nucleus.
While the immune function of most cytokines is well established (1, 24) , much less is known about their metabolic roles. The extent to which changes in metabolic state impact the expression and circulating levels of cytokines has not been systematically examined. Advancement in technology has made it possible now to simultaneously measure the circulating levels of a large number of cytokines at a reasonable cost using only a small volume of serum. Employing a bead-based multiplex profiling method, we performed a large-scale analysis of serum cytokine levels in response to acute and long-term changes in whole body metabolic states. Although not every known cytokine was included, the 71 cytokines (including secreted cytokine receptors and acute phase proteins) examined represent a well-studied set of molecules that encompass a variety of cytokine functions. These cytokines are known to act on a variety of immune and nonimmune cell types to regulate diverse physiological processes that include proinflammatory, anti-inflammatory, chemotactic, antiapoptotic, proangiogenic, proliferative, metabolic, and acute phase responses. We hypothesized that dynamic changes in circulating cytokine levels would be seen in accordance with changes in whole body metabolism, suggesting a role for cytokines in regulating energy balance. Our results indicate that circulating levels of many cytokines are indeed altered by fasting, refeeding, and consuming a high-fat diet. The extent of these changes has not been previously appreciated. Of the 12 cytokines that displayed significantly altered circulating levels after fasting and refeeding, we functionally characterized the role of two cytokines with marked changes, granulocyte colony-stimulating factor (G-CSF) and IL-22, in modulating food intake.
MATERIALS AND METHODS

Recombinant G-CSF and IL-22.
Carrier-free recombinant G-CSF, synthesized in bacteria, was obtained from Biolegend (San Diego, CA). Endotoxin levels for purified recombinant G-CSF were determined to be Ͻ0.01 ng/g. Carrier-free recombinant IL-22, made in human embryonic kidney 293 mammalian cells, was obtained from Cell Signaling Technology (Boston, MA).
Animals. Eight-or twenty-week-old C57BL/6J male mice (Jackson Laboratories, Bar Harbor, ME) were housed in a temperature (37°C)-and humidity (45% Ϯ 5)-controlled vivarium, provided ad libitum access to water and a standard laboratory chow diet (2018, HarlanTeklad, Indianapolis, IN), and maintained on a 12:12-h light-dark cycle. Before blood collection, "fasted" mice (n ϭ 10) were provided free access to water but no food for 12 h. "Refed" mice (n ϭ 10) were treated in the same manner as the fasted mice; however, prior to blood collection, mice were provided 2 h of access to food. On the basis of previous fasting/refeeding studies in rats (50) , as well as our previous studies examining the expression and circulating levels of secreted hormones (Clq/TNF-related protein family members), a 2-h refeeding time point was sufficient to observe changes in transcript and plasma protein levels (64, 73, 79) . To avoid confounding effects due to circadian-mediated fluctuations in serum cytokine levels, all mice were euthanized at the same time of day (between 10 and 11 AM). Food intake, body weight, and energy metabolism measurements began at the start of the dark cycle. Mice were housed in clear Plexiglas cages with alpha dry bedding. A wire mesh floor was inserted into the cage to measure food intake. Spillage of food was collected and subtracted from the total food intake.
For the low-fat diet (LFD; n ϭ 12) vs. high-fat diet (HFD; n ϭ 12) study, C57BL/6J male mice were fed ad libitum an HFD (60% kcal derived from fat, Research Diets; D12492) or a control LFD (10% kcal derived from fat, Research Diets; D12450B). HFD was provided for a period of 12 wk. For the LFD and HFD groups, sera were harvested from overnight-fasted animals. All animal experiments were conducted according to the National Institutes of Health "Guidelines for the Care and Use of Laboratory Animals" and approved by the Animal Care and Use Committee of The Johns Hopkins University School of Medicine.
Serum cytokine profiling. Mouse blood samples were harvested by tail vein bleed and separated using Microvette CB 300 (The SARSTEDT Group, Numbrecht, Germany). Serum samples (n ϭ 10 -12 mice per group) were analyzed using a Luminex instrument (Luminex, Austin, TX) and XPonent 3.1 Software (Millipore, Billerica, MA). Assays for 71 mouse cytokines (covering the majority of the known cytokines) were performed using a Luminex bead-based multiplex system, according to manufacturer's protocol (EMD Millipore). All of the available cytokine assays provided by Millipore were included. Five separate multiplex assays, based on the known dynamic range of each cytokine, were carried out to cover all 71 cytokines. Some of the cytokines' receptors are synthesized in membrane-bound form, and proteolytic cleavage generates a soluble version that circulates in plasma. Thus, sCD30, sIL-1RI, sIL-1RII, sIL-2R␣, sIL-4R, sIL-6R, soluble tumor necrosis factor receptor (TNFR)I, sTNFRII, soluble vascular endothelial growth factor receptor 1 (VEGFR1), sVEGFR2, sVEGFR3, sgp130, and soluble receptor for advanced glycation end products (RAGE) were also measured as part of the 71 cytokines profiled. Standards were provided for each mouse cytokine, from which standard curves were generated. Concentrations were determined for each of the 71 mouse cytokines relative to an appropriate six-point regression standard curve, in which the mean fluorescence for each cytokine standard was transformed into known concentrations (pg/ml or ng/ml). We assigned the lowest measurable value (3.2 pg/ml) to any sample below the detection limit of the assay.
Stereotaxic cannulation and food intake measurements. A unilateral cannula was implanted into the lateral ventricle of 10-wk-old male C57BL/6J mice, as previously described (15, 16) . After recovery from surgery, the correct placement of the cannula was confirmed by intracerebroventricular infusion of neuropeptide Y (NPY; 1 nmol/2 l; American Peptide). Food intake was measured during the light cycle for 1 h, and placement of the cannula was confirmed when the animals consumed 100% more food during the 1-h food intake test, relative to animals given a saline injection. Only mice that passed the cannula placement test were used for functional study. One week later, food intake was measured after animals received an intracerebroventricular infusion (2 l) of recombinant G-CSF (n ϭ 6 mice, 0.2 g/l), IL-22 (n ϭ 5 mice, 0.83 g/l), or control buffer (saline; n ϭ 8 -10 mice).
Indirect calorimetry. To assess metabolic alterations after central administration of G-CSF, differences in energy expenditure and usage of fat and carbohydrate fuels were determined as previously described (14, 64) . Briefly, mice were adapted to metabolic chambers 3 days before the start of the experiment, with data acquisition for 24 h after intracerebroventricular injection of G-CSF (n ϭ 10) or control (n ϭ 10). Mice were provided ad libitum access to water and standard laboratory chow and were individually housed in indirect calorimeter chambers (Columbus Instruments, Columbus, OH). Oxygen and carbon dioxide levels were sampled in each chamber every 15 min. Oxymax software (v. 4.03) was used to calculate the respiratory exchange ratio (RER ϭ V CO2/V O2). The rate of energy expenditure (EE, kcal/kg lean mass/h) was estimated by multiplying the caloric value (CV: 3.815 ϩ [1.232 ϫ RER]) by V O2. Data are reported as an average over 1 or 4 h after injection for each subject.
Quantitative real-time PCR analysis. The hypothalamus was dissected using the anterior commissure and the oculomotor nerve as neuroanatomical markers. Tissue was stored in RNALater (Qiagen, Valencia, CA) at Ϫ80°C until RNA was extracted and quantified, as previously described (17) . Other tissues (liver, skeletal muscle, and epididymal white adipose tissue) were harvested, snap-frozen, and stored at Ϫ80°C until RNA was extracted. A separate cohort of fasted and refed male mice was used for the isolation of immune cells. Retro-orbital bleeding enables greater volumes of blood to be collected compared with tail bleed, thus allowing greater numbers of circulating immune cells to be isolated. For this reason, blood was collected from the retro-orbital plexus and centrifuged at 3,000 rpm (2,000 g) for 15 min at room temperature to separate the circulating immune cells (lymphocytes, monocytes, neutrophils, and basophils) from the serum. Ack lysing buffer (Quality Biologicals, Gaithersburg, MD) was added to lyse the red blood cells on ice for 5 min with occasional shaking; for every 0.5 ml of blood, 5 ml of Ack lysing buffer were added. 15 ml of PBS were added to stop the reaction, and immune cells were pelleted at 300 -400 g for 5 min at 4°C. All RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA) or the RNeasy Midi kits (Qiagen), according to the manufacturer's protocol. Random primers and Superscript II (Invitrogen) or Goscript (Promega, Madison, WI) reverse transcriptase were used to generate cDNA. Quantitative real-time PCR analysis (SYBR Green PCR master mix, Applied Biosystems, Life Technologies, Carlsbad, CA) generated a C t value for the threshold cycle of each sample. The data were normalized to ␤2 microglobulin (B2M), ␤-actin, or 36B4 [also known as acidic ribosomal phosphoprotein P0 (RPLP0)] to generate a ⌬Ct value, and then a ⌬⌬Ct was obtained by normalizing the data to the mean ⌬Ct of the control group (68). In general, housekeeping genes with the least variation across tissue samples were used. For most tissues, expression levels of 36B4 were used for normalization. All primers used for real-time PCR analyses are listed in Table 1 .
Statistical analysis. Statistical tests used to determine differences between groups were one-way ANOVA, Student's t-test, or MannWhitney U-test. The nonparametric Mann-Whitney U-test was used on serum cytokine profiling data that did not pass the D'Agostino and Pearson omnibus normality test. P Ͻ 0.05 was considered significant. The values reported in the figures represent means Ϯ SE. Data were analyzed and graphed using Statistica (v. 8.0 software) and/or GraphPad Prism 6 software.
RESULTS
Serum cytokine profiling in fasted and refed mice.
To identify cytokines that may modulate pathways associated with altered energy balance or food intake, we examined changes in circulating cytokines in response to fasting and refeeding. On the basis of the established interplay between the immune and the endocrine systems and the fact that cytokines can modulate metabolic function directly and/or indirectly, we hypothesized that cytokines with altered circulating levels following acute changes in whole body metabolism may have metabolic roles.
For our cytokine profiling, serum was harvested from mice fasted for 12 h and from mice fasted for 12 h followed by 2 h of refeeding (regular chow pellets). An ad libitum group was not included in the study due to the randomness and variability of food intake. Cytokine profiling was carried out using a bead-based Luminex multiplex system, which enabled simultaneous quantification of a large number of cytokines (23) . Of the 71 mouse cytokines measured, 67 were reliably detected ( Table 2) . Four cytokines-IL-3 (Ͻ3.2 pg/ml), IL-21 (Ͻ9.8 pg/ml), IL-23 (Ͻ3.2 pg/ml), and leukemia inhibitory factor (Ͻ3.2 pg/ml)-were consistently below the assay detection limits and, therefore, are not included in the final profiles. We observed significant changes in the serum concentrations of 12 cytokines between the fasted and refed groups. Specifically, circulating levels of eight cytokines [G-CSF, IL-1␤, CCL2, sIL-1RI, lipocalin-2, pentraxin-3, tissue inhibitor of metalloproteinase (TIMP)-1, and serum amyloid protein (SAP)] were higher, and 4 cytokines (IL-22, IL-1␣, sIL-2R␣, and sVEGFR3) were lower, in fasted vs. refed mice (Fig. 1) .
Fasting and refeeding alter the expression of cytokine mRNA. We performed real-time PCR analysis to determine whether the observed changes in circulating cytokine levels after fasting and refeeding were due to altered mRNA expression. While cytokines can be produced by a variety of cell types, we focused our analysis on immune cells, as well as the three major metabolic tissues-adipose tissue, liver, and skeletal muscle. While the patterns of relative mRNA expression of IL-22, IL-1␣, and IL-1RI in adipose, liver, and/or skeletal muscle parallels their circulating levels (Fig. 2) , opposing changes in relative mRNA expression were observed for G-CSF, IL-␤, VEGFR3, pentraxin-3, and SAP compared with 
their serum levels (Fig. 2) . We failed to detect any significant changes in cytokine transcript levels in total blood-derived immune cells (lymphocytes, monocytes, neutrophils, and basophils) in response to fasting and refeeding; in most cases, the expression of cytokine mRNA in immune cells was very low (data not shown).
Centrally delivered cytokines have opposing effects on food intake and body weight. To investigate whether any of the cytokines regulated by fasting and/or refeeding are capable of modulating food intake and energy balance, we selected G-CSF and IL-22 for further functional studies based on three key findings. First, G-CSF is a member of the colony-stimulating factor family, of which a related protein, GM-CSF, has been shown to act in the CNS to modulate food intake (66) . IL-22 belongs to the interleukin family, and several interleukins (IL-1, IL-6, and IL-18) have been shown to modulate food intake (37, 41, 49, 70, 83, 86) . Second, we found that circulating levels of G-CSF and IL-22 were markedly (and reciprocally) altered by fasting and refeeding, leading us to believe that they might have opposing effects on food intake. Third, G-CSF produced in the periphery is known to cross the blood-brain barrier, and its receptor is expressed throughout the CNS (69, 84) , giving it the potential to act in the CNS to modulate food intake. On the basis of these observations, we hypothesized that G-CSF and IL-22 may play a role in CNS to modulate ingestive physiology. To test this, we delivered recombinant G-CSF, IL-22, or control buffer into the lateral ventricle of cannulated mice, since protein delivered into the lateral ventricle has been shown to diffuse rapidly throughout the CNS (61). The 0.2 g/l dose of G-CSF increased food intake relative to control mice at 2 and 24 h after intracerebroventricular injection (Fig. 3, A and B) . Increased food intake resulted in a very modest increase in body weight 24 h after central delivery of G-CSF (data not shown). Central administration of a lower dose of G-CSF (0.1 g/l) demonstrated only a trend for increased food intake (data not shown). In contrast, administration of recombinant IL-22 had the opposite effect and decreased food intake at 1 and 24 h after intracerebroventricular injection (Fig. 3, C and D) .
Central administration of G-CSF transiently increases energy expenditure and physical activity. All cytokines known to modulate food intake have been shown to decrease caloric intake (26, 49, 66, 70, 86) . To better understand how central delivery of G-CSF increased food intake, we measured changes in whole body metabolism and hypothalamic neuropeptide gene expression. Central administration of G-CSF Except for A2M, adipsin, AGP, haptoglobin, SAP, PTX3, and SAA-3 (ng/ml), all other values are in pg/ml. *P Ͻ 0.05; **P Ͻ 0.005.
induced an acute and transient (lasting 1 h) increase in V O 2 and energy expenditure (Fig. 4, A and B) . However, at 4 h after intracerebroventricular injection, mice that received G-CSF were not different from saline-injected controls (Fig. 4, D and  E) . Total physical activity levels were measured by laser beam breaks across the cage floor. We also observed a transient increase in physical activity of mice at 1 h after intracerebroventricular injection of G-CSF (Fig. 4C ). These alterations in metabolism and physical activity preceded the increase in food intake, suggesting that the mechanism for increased food intake may be associated with transient changes in metabolic rate and energy expenditure.
Effects of G-CSF on hypothalamic neuropeptide gene expression.
To determine whether the mechanism of increased food intake was driven by alterations in hypothalamic neuropeptide gene expression, we measured the mRNA levels of orexigenic (Npy and Agrp) and anorexigenic (Pomc and Cart) neuropeptide genes associated with food intake regulation (71) . We observed no significant changes in neuropeptide gene expression in the hypothalamus 3 h after intracerebroventricular delivery of G-CSF (Fig. 5) .
Serum cytokine profiling in mice fed a low-fat diet or a high-fat diet. To identify cytokines that may modulate pathways associated with chronic excess caloric intake, as in obesity, we examined changes in circulating cytokines in response to a low-fat diet (LFD) or a high-fat diet (HFD). As expected, HFD-fed mice had significantly greater body weights (Fig. 6A) and were insulin resistant, as indicated by marked increase in fasting blood glucose and insulin levels (Fig. 6, B  and C) . Cytokine profiling was carried out as described for the fasted and refed group. As before, of the 71 mouse cytokines measured, 67 were reliably detected (Table 3) . We observed significant changes in the serum concentrations of 15 cytokines between the LFD-fed and HFD-fed groups. Specifically, HFDfed mice had higher circulating levels of five cytokines [CXCL1, TIMP-1, serum amyloid protein A3 (SAA-3), alpha-2-macroglobulin (A2M), and ␣ 1 -acid glycoprotein (AGP)], and 10 cytokines [sCD30, IL-12p40, IL-22, IL-16, CX3CL1, chemokine (C-C motif) ligand 12 (CCL12), CCL20, CCL4, haptoglobin, and sRAGE] were lower compared with the LFD-fed control mice (Fig. 7) .
High-fat feeding alters the expression of cytokine mRNA. To determine whether the observed changes in circulating cytokine levels in HFD-fed mice were due to changes in mRNA expression, we performed real-time PCR analysis on adipose tissue and liver, which are infiltrated with macrophages and Kupffer cells, respectively, in the obese state. The relative mRNA expression patterns of CD30, IL-16, TIMP-1, and SAA3 in adipose tissue parallel the circulating levels, whereas opposing patterns of mRNA (in adipose tissue) and serum levels were observed for IL-12p40, IL-22, CCL20, CCL4, and haptoglobin (Fig. 8A) . The expression for this same set of cytokines in liver tissue was not statistically different between the LFD-fed and HFD-fed mice (Fig. 8B) . The mRNA expression of Cd30 and Rage was below detection levels in the liver (not shown).
DISCUSSION
We performed a comprehensive analysis of serum cytokine levels in response to fasting and refeeding and high-fat feeding. Strikingly, circulating levels of 12 cytokines (ϳ18% of those tested) were significantly altered in response to refeeding following an overnight fast, reflecting acute changes in whole body metabolism. Given that we only examined changes in cytokine profiles after 2 h of refeeding, it is conceivable that greater changes in circulating cytokine levels might be observed if additional refeeding time points were to be sampled. Interestingly, the changes that we observed in circulating cytokine levels were not due to acute transcriptional changes in cytokine mRNA in tissues with high metabolic activity, such as the white adipose, liver, and skeletal muscle. We also failed to detect any significant changes in cytokine transcript levels in total immune cells derived from blood.
Given that only a few cytokines had transcript expression patterns that correlated with their serum levels, our results suggest that both transcriptional and posttranscriptional mechanisms are likely involved in controlling circulating cytokine levels in response to refeeding, as is the case for many cytokines (2) . Several posttranscriptional mechanisms have been shown to regulate cytokine expression, specifically by modulating mRNA stability through the interaction between RNA-binding proteins and the AU-rich elements located in the 3= UTR of cytokine transcripts (2, 18) . microRNA (miRNA)- Data are shown as means Ϯ SE (n ϭ 8 -10 for saline control; n ϭ 6 for G-CSF; n ϭ 5 for IL-22). *P Ͻ 0.05. Fig. 4 . Central delivery of G-CSF increases whole body metabolism and physical activity levels. Central administration of G-CSF had an acute and transient effect on whole body metabolism and physical activity. V O2 (A), energy expenditure (B), and physical activity levels (C) were increased at 1 h following intracerebroventricular delivery of G-CSF. V O2 (D), energy expenditure (E), and physical activity (F) levels were not different between the groups at 4 h. Data shown are means Ϯ SE (n ϭ 10 for saline control; n ϭ 10 for G-CSF). *P Ͻ 0.05. mediated suppression of mRNA translation has also been shown to affect cytokine expression (3) . Mechanisms such as these may be employed in controlling the spatial and temporal expression of cytokines in response to metabolic alterations.
Of the 12 cytokines whose levels were altered by fasting and refeeding, we functionally characterized two. We showed that central delivery of G-CSF increased, whereas IL-22 decreased, food intake. The increase in food intake appeared to be independent of acute changes in hypothalamic neuropeptide gene expression (Fig. 5) . Given that other brain regions are also involved in food intake regulation (30, 31, 34, 35) , such as the hindbrain where G-CSF receptor is also expressed, it is possible that G-CSF acts on neurons in these locations to modulate food intake. While the local concentrations of G-CSF and IL-22 in the CNS are not known, the dose of G-CSF injected centrally was comparable to its typical circulating level and, hence, within physiological range. In contrast, the dose of IL-22 injected centrally was far greater than its typical circulating level. Future dose-response studies are needed to determine whether the effects of G-CSF and IL-22 on food intake are physiological and not merely pharmacological in nature. Whether G-CSF or IL-22 truly plays a role in food intake regulation can only be established using mouse models with selective deletion of G-CSF or IL-22 receptor in the CNS. Future studies will establish whether the other 10 cytokines that were altered by fasting and refeeding have a central and/or a peripheral metabolic role.
Of the cytokines examined, 15 (22%) had altered circulating levels following chronic high-fat feeding, and six (IL-12p40, sCD30, SAA-3, CCL12, IL-16, and A2M) have not been previously associated with obesity; these cytokines and acutephase proteins may be considered candidate serum markers for adiposity and other related metabolic parameters in humans. Similar to our observations in the fasted and refed states, transcriptional changes in cytokine mRNA expression only partly account for the observed changes in serum cytokine levels in HFD-fed vs LFD-fed mice (Fig. 8) . This suggests that both transcriptional and posttranscriptional mechanisms are likely involved in controlling circulating cytokine levels in response to chronic metabolic stress, resulting from dietary manipulations (2) . Alternatively, feedback control may account for the discordance in mRNA and protein patterns for some of the cytokines. Because we only examined adipose tissue and liver for cytokine mRNA expression in HFD-fed mice, it may be that other tissues and cells are responsible for the chronic changes in circulating cytokine levels.
In mice fed an HFD, serum levels of IL-22, TIMP-1, sRAGE, haptoglobin, CCL20, CCL4, and CXCL1 were also significantly altered relative to mice fed an LFD. These cytokines and acute-phase proteins have been previously shown to be associated with human obesity. However, in most cases, it is far from clear whether alterations in plasma levels of these cytokines are a consequence of metabolic dysregulation or whether they are causally linked to obesity and Type 2 diabetes. In humans, plasma levels of IL-22 are elevated in Type 2 diabetes (85), and IL-22 secreted by T lymphocytes has been shown to exacerbate adipose tissue inflammation (22) . Further, mice deficient in IL-22 appear to be protected from dietinduced obesity (76) . In diet-induced obese (DIO) mice, we observed a decrease in the circulating levels of IL-22. Given its proinflammatory activity, reduced plasma levels of IL-22 in the DIO mice may represent a compensatory response to obesity and its associated insulin resistance.
As a proteinase inhibitor, TIMP-1 regulates the activity of matrix metalloproteinases, playing an important role in extracellular matrix and tissue remodeling (77) . In humans, the mRNA expression and circulating levels of TIMP-1 are elevated in obesity (29, 42, 51, 53) . In mice fed an HFD, increasing the plasma concentrations of TIMP-1 by recombinant protein administration increases the size of adipocytes (54) . A sustained short-term overexpression of TIMP-1 in mice via adenoviral vector also has been shown to reduce blood vessel density in the white adipose tissue (72) . However, in loss-of-function mouse models, contrasting results were reported for TIMP-1. Depending on the genetic background and sex, HFD-fed mice with TIMP-1 deletion are either obese or lean (28, 46) . In our study, we observed an increase in the circulating levels of TIMP-1 in mice fed an HFD relative to the control LFD group, consistent with the human studies (29, 42, 51, 53) .
sRAGE is thought to serve as a soluble receptor decoy for advanced glycation end products, thereby reducing proinflam- Except for A2M, adipsin, AGP, haptoglobin, SAP, PTX3, and SAA-3 (ng/ml), all other values are pg/ml. LFD, low-fat diet; HFD, high-fat diet. *P Ͻ 0.05; **P Ͻ 0.005. matory responses (10, 67) . Consistent with this notion, human plasma sRAGE levels are inversely correlated with obesity and metabolic syndrome (36, 55, 56) . Interestingly, in morbidly obese subjects, bariatric surgery increases the circulating levels of sRAGE (12) . Our study shows that serum sRAGE levels are decreased in mice fed an HFD compared with control group fed an LFD. Thus, decreased plasma levels of sRAGE in obese humans and DIO mice may be associated with a proinflammatory state.
Haptoglobin is an acute phase protein whose expression is highly induced by inflammatory stimuli such as IL-1, IL-6, and TNF-␣ (65) . While liver has the highest expression level of haptoglobin, other tissues such as white and brown fat and lung also express haptoglobin. One of the main functions of hapto- globin is to scavenge hemoglobin resulting from hemolysis or normal red blood cell turnover (65) . In humans, serum haptoglobin levels are positively correlated with body mass index (BMI) and fat mass (20) . Mice with a targeted deletion of the haptoglobin gene have improved glucose homeostasis, attenuated diet-induced fatty liver, and adipocyte hypertrophy (27, 47) . These studies suggest that haptoglobin is a negative regulator of energy metabolism. In contrast to obese humans, HFD-fed obese mice have decreased circulating levels of haptoglobin compared with control mice fed an LFD. Since a high-fat diet was given for a period of 12 wk, reduced haptoglobin levels in HFD-fed mice may be a compensatory response to diet-induced obesity and its associated low-grade inflammation and insulin resistance.
In humans, the expression of chemokine CCL20 (also known as MIP-3␣) in adipose tissue is positively correlated with BMI and is expressed at higher levels in visceral compared with subcutaneous fat depots (25) . Plasma levels of another related chemokine, CCL4 (also known as MIP-1␤), are also positively correlated with waist circumferences (59) . However, the function of these chemokines in the context of obesity has not been established. In our study, both CCL20 and CCL4 serum levels are decreased in the HFD-fed mice relative to LFD-fed control group. Although it is not known whether circulating levels of CXCL1 are altered in human obesity, overexpressing CXCL1 in the skeletal muscle of transgenic mice enhances muscle fat oxidation and ameliorates diet-induced obesity (62) . In DIO mice, serum levels of CXCL1 were found to be increased relative to control mice fed an LFD, the significance of which remains to be determined.
In summary, we provide evidence that circulating levels of a large number of cytokines are dynamically regulated in response to short-and long-term changes in whole body metabolism. Changes in serum cytokine levels often do not parallel changes in mRNA expression in multiple tissues. We show that two of these cytokines, reciprocally regulated by fasting and refeeding, may have a central role in modulating food intake. This study provides the foundation and framework to systematically examine the metabolic and nonimmune function of cytokines using gain-and loss-offunction approaches.
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